Abstract Steady State Tokamak (SST-1) vacuum vessel baking as well as baking of the first wall components of SST-1 are essential to plasma physics experiments. Under a refurbishment spectrum of SST-1, the nitrogen gas heating and supply system has been fully refurbished. The SST-1 vacuum vessel consists of ultra-high vacuum (UHV) compatible eight modules and eight sectors. Rectangular baking channels are embedded on each of them. Similarly, the SST-1 plasma facing components (PFC) are comprised of modular graphite diverters and movable graphite based limiters. The nitrogen gas heating and supply system would bake the plasma facing components at 350 o C and the SST-1 vacuum vessel at 150 o C over an extended duration so as to remove water vapour and other absorbed gases. An efficient PLC based baking facility has been developed and implemented for monitoring and control purposes. This paper presents functional and operational aspects of a SST-1 nitrogen gas heating and supply system. Some of the experimental results obtained during the baking of SST-1 vacuum modules and sectors are also presented here.
Introduction
The SST-1 takamak vacuum vessel [1, 2] has been designed and fabricated as a continuous torus structure consisting of eight vessel modules (VM) and vessel sectors (VS). The material used to construct SST-1 was SS 304L. A large number of plasma facing components (PFC) will also be placed inside the vacuum vessel, including diverters, passive stabilizers, baffles and limiters. These components are fabricated from graphite tiles and will be attached mechanically to a back plate made of high strength copper alloy [3] . They will be exposed to a large number of high energy particles and heat loads during the plasma operation. Efficient cooling arrangements have been made on the back plates of PFC components.
During fabrication and commissioning of the vacuum vessel and first wall components, water vapor, heavy hydrocarbons and other gases get absorbed and adsorbed into the bulk of parent materials. These high Z impurities, if not removed, would not allow an ultra-high vacuum to be achieved inside the vessel. This would further lead to plasma contamination during plasma discharges. During the cooling down of cryostat components like toroidal filed (TF) coils and thermal shields, the vacuum vessel reaches a very low temperature as a result of thermal radiation, which has to be avoided. Thus it is essential to bake the vacuum vessel in order to remove water vapor and other gases which are absorbed and to maintain the vacuum vessel at room temperature during the cooling down. Graphite based PFC materials are known to absorb a large quantity of water vapor when exposed to atmosphere. Thus it is necessary to bake all PFCs to a high temperature to reduce thermal and particle induced de-sorption from them. Furthermore, baking effectively reduces the net gas load due to the out-gassing of materials, and thus facilitates UHV inside the vacuum vessel which is a basic requirement for plasma discharge. For steady state baking of a vacuum vessel at 150 o C and PFC components at 250 o C, the total power and the mass flow rate will be about 50 kW and 1.1 kg/s, respectively. All above operations of baking are described to be carried out using hot nitrogen gas. "U" shaped SS 304 L channels of two types have been welded on the inner surfaces of the vessel wall and SS tubes are embedded in the back plate of PFC in accordance with the hydraulic flow calculations and designed layout [4, 5] . The complete heating and supply system is presented in section 2 while section 3 describes the test set-up and procedure. Section 4 enumerates analysis made and results obtained during baking.
Description of the heating system
The basic principle of the baking system is to compress the high purity dry nitrogen gas to a higher pressure. This high pressure gas is heated to a required temperature which is circulated in closed loops through U-channels of the vacuum vessel and embedded copper tubes of PFC components for baking. This system consists mainly of a suction chamber, compressors, heat exchangers and a heater. The schematic flow diagram of the "Nitrogen gas heating and supply system" is shown in Fig. 1 . N 2 cylinders connected in parallel to the cylinder manifold which contains a pressure regulator, control valve and non-return valve. Dry nitrogen gas is fed to the suction chamber of 2000 liters up to a pressure of 3.5 bar (a) through this manifold. During operation if the suction chamber pressure reduces below a set point, a low pressure switch mounted on the suction chamber will open the manifold inlet valve to compensate the pressure drop. A safety valve is also provided in the suction chamber to avoid a pressure rise above the set point.
The 1st stage compressor with a maximum inlet pressure of 3.5 bar (a) will compress the nitrogen gas to a pressure of 4.5 bar (a). The hot gas discharged from the 1st stage compressor is cooled in a shell and tube type water-cooled 1st heat exchanger. This compressed and room temperature gas will be further compressed to 5.5 bar (a) by the 2nd stage compressor whose maximum inlet pressure is 4.5 bar (a). Each of these two compressors is furnished with non-return valves at their outlets to prevent back flow. If the gas is not compressed to the desired pressure, then it is fed back to the inlet of the 1st stage compressor through the control valve. Also spring loaded safety valves are provided at the outlet of each compressor to protect it from over pressured conditions. Since these compressors have a temperature limitation up to 30 o C for the inlet gas, it is necessary to cool down the compressed high temperature nitrogen gas to room temperature. Hence a shell and tube type water-cooled 2nd heat exchanger is provided after the 2nd stage compressor.
Once again the gas is compressed to the required value and passed through the gas-to-gas recovery 3rd heat exchanger to recover heat from the return gas. This finally compressed gas is heated to the required value by passing through an electric heater of 150 kW capacity. Heater elements are insulated properly from each other. A temperature controller is provided at the outlet of the heater to continuously monitor and regulate the temperature of the nitrogen gas. Nitrogen gas with the correct temperature will be passed through the vacuum vessel/PFC components. The returned gas from the vessel/PFC will pass through the above mentioned gas-to-gas recovery heat exchanger to transfer the remaining heat to the in-coming gas. This returned gas is cooled down to room temperature by passing it through a shell and tube type 4th heat exchanger. This cooled gas is fed back to the suction chamber, thus completing the closed loop.
All the above functions are controlled via a control panel and a PLC based system. The control panel consists of a volt meter, ammeter, flow indicator and controller, temperature indicator and controller, pressure indicator, AC drive and ON/TRIP indicator lamps. All the necessary safety devices for temperature, pressure and high current etc are provided in the system to ensure safe functioning. These safety arrangements will take care of high and low pressures, high current and over loading, proper water cooling and flow rate etc.
Test set-up and procedure
The SST-1 Tokamak vacuum vessel (VV) is baked by flowing hot N 2 gas thorough U-channels welded on the inner surfaces of VV. Since a large amount of welding is exposed directly to the UHV portion, the qualification of these welds in their operation conditions has to be established. Before assembling these VM & VS into the system, every individual VM and VS are baked up to steady state temperature of 150 o C for 8 hours in a dedicated high vacuum (HV) baking facility developed in-house. This chamber is 2.4 m in diameter and 3.5 m in height as per the requirements. Since this chamber has much larger dimensions, a double O-ring configuration was utilized along with inter-space pumping in order to ensure better leak tightness. Two 500 ISO-F flanges are provided for this chamber, of which one is used for pumping purposes while the other is for human entry. Four 63 CF flanges are provided for the connecting supply and return lines of VS and VM with supply and return lines of hot nitrogen gas.
For rough pumping of the vacuum chamber, 2 rotary pumps are furnished, each having a pumping speed of 35 m 3 /h. For a high vacuum, one turbo-molecular pump of 5000 L/s pumping speed (N 2 equivalent) is connected to the chamber with an effective pumping speed of 3550 L/s. A combined BA gauge ranging from atmosphere to 1.0 ×10 −9 mbar is used for the measurement of the chamber vacuum.
After baking each VM & VS, the leak testing of their baking channels are carried out and qualified at the leak rate < 1.0 × 10 −8 mbar L/s in vacuum mode and at <1.0 ×10 −6 mbar L/s in sniffer mode at 6.0 bar (g) pressure. The temperature profiles at the different location of VM & VS are also studied.
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Modules were baked one piece at a time, while sectors were baked two at a time connected in series as shown in Fig. 2 . Flexible braided metal hoses are used to connect the supply and return lines of VM/VS through specially fabricated bull nose type de-mountable couplers which can sustain a high temperature at high pressure. 28 Ktype Kapton insulated thermocouples are mounted at different locations on the VM/VS using high temperature Ceramabond glue from M/S. Aremco. Both these thermocouples and glue can withstand temperatures of up to 500 o C. In addition, these thermocouples are calibrated using a high temperature hot bath at 100 o C, 150 o C and 250 o C within an accuracy of ±1 o C. Temperature signals from the vacuum chamber are acquired through a de-mountable type 36-pin feed-through using a MASIBUS-made DATA logger. Temperature data from this DATA logger are stored in a PC using CI-TECT SCADA based software via the RS-485 transfer protocol. The thermocouple mounting locations at the radial port of a vessel sector are shown in Fig. 3 . After insertion of the VM/VS, the chamber is closed and pumped down to a pressure < 1.0 × 10 −5 mbar. The baking system is pressurized with nitrogen gas up to 1.0 bar (g) and then the flow is established. After a run of a few minutes, the heater was switched ON using the PLC program. Component heating is done by a predefined PLC program. This program defines the ramp up time, final temperature and flat top time. In order to achieve an average temperature of 150 o C at the VM/VS surfaces, the source gas temperature is raised up to 480 o C with a ramp rate of 50 o C/h. A snap shot of PLC during a baking operation is shown in Fig. 4 .
Temperature of the supply gas is controlled using the AC drive and PLC based PID controller. Upon reaching the final temperature it was maintained at a steady temperature of 150 o C for 8 hours and then it was cooled down naturally. To further improve the cooled down rate, a blower system ran continuously. 
Analysis and results
Before the experiment, the thermal response of the vacuum vessel is investigated through finite element analysis using ANSYS [6] . The modeling is done by applying the heat transfer coefficient along the baking channels of the vacuum vessel, which are used to apply heat transfer over the vessel surfaces without considering the radiation effect. This heat transfer coefficient is calculated from Reynolds number (Re), Prandtl's number (Pr) and Nusselt's number (Nu). Table 1 lists the parameters used for calculating these numbers for FEA modeling.
The heat transfer coefficient of the hot N 2 gas in each VS path is calculated and listed in Table 2 . The vacuum vessel temperature profile throughout the entire surface for a steady state condition of 150 o C is shown in Fig. 5 . This figure shows that the saturation temperature of 150 o C is reached after 8 hours of baking. The temperature at different locations of the vessel module through FEA analysis is shown in Fig. 6 . During the experiment, temperature profiles recorded at different locations of the vessel sector throughout the heating cycle are shown in Fig. 7 . This figure indicates that a steady temperature between 150 o C to 170 o C is achieved at various surfaces of the vessel sector. This temperature profile at the vessel sector is achieved with the mass flow rate of 0.60 kg/s at 2.0 bar (g) inlet pressure. The temperature of the gas at inlet of the vessel sector was measured to be 230 o C while the temperature at the heater was maintained at 450 o C. This loss of heat is due to a longer supply line path and a larger number of inlets and outlets that short-circuit while there is only one supply line connected to a vessel module for baking. 
Conclusion
A nitrogen gas heating and supply system for SST-1 tokamak is demonstrated successfully in its present status for baking of vessel modules and sectors. We are further planning to upgrade the system, to equip it with a more reliable blower system so that the desired mass flow rate of 1.1 kg/s at 4.5 bar (g) can be achieved for baking the entire SST-1 vacuum vessel. Furthermore, it is observed that the experimental results agree with the analytical results.
